Active Stat5a/b predicts early recurrence and disease-specific death in prostate cancer (PC), which both typically are caused by development of metastatic disease. Herein, we demonstrate that Stat5a/b induces epithelial-to-mesenchymal transition (EMT) of PC cells, as shown by Stat5a/b regulation of EMT marker expression (Twist1, E-cadherin, N-cadherin, vimentin, and fibronectin) in PC cell lines, xenograft tumors in vivo, and patient-derived PCs ex vivo using organ explant cultures. Jak2-Stat5a/b signaling induced functional end points of EMT as well, indicated by disruption of epithelial cell monolayers and increased migration and adhesion of PC cells to fibronectin. Knockdown of Twist1 suppressed Jak2-Stat5a/beinduced EMT properties of PC cells, which were rescued by re-introduction of Twist1, indicating that Twist1 mediates Stat5a/b-induced EMT in PC cells. While promoting EMT, Jak2-Stat5a/b signaling induced stemlike properties in PC cells, such as sphere formation and expression of cancer stem cell markers, including BMI1. Mechanistically, both Twist1 and BMI1 were critical for Stat5a/b induction of stem-like features, because genetic knockdown of Twist1 suppressed Stat5a/b-induced BMI1 expression and sphere formation in stem cell culture conditions, which were rescued by re-introduction of BMI1. By using human prolactin knock-in mice, we demonstrate that prolactin-Stat5a/b signaling promoted metastases formation of PC cells in vivo. In conclusion, our data support the concept that Jak2-Stat5a/b signaling promotes metastatic progression of PC by inducing EMT and stem cell properties in PC cells. Most prostate cancer (PC)erelated deaths are because of development of metastatic disease. A central process in metastatic dissemination of PC is epithelial-to-mesenchymal transition (EMT), during which cancer cells attain more motile and invasive properties, invade through the basement membrane, and survive in systemic circulation.
Most prostate cancer (PC)erelated deaths are because of development of metastatic disease. A central process in metastatic dissemination of PC is epithelial-to-mesenchymal transition (EMT), during which cancer cells attain more motile and invasive properties, invade through the basement membrane, and survive in systemic circulation. 1e3 Extravasation at distant organ sites is followed by adhesion of cancer cells to extracellular matrix proteins, such as fibronectin, 4e6 leading to formation of premetastatic niches and subsequent formation of macroscopic metastases. 7e9 Hallmarks of EMT in PC include disruption of adherens junctions through down-regulation of E-cadherin, 2 concomitant with a development of a migratory phenotype and up-regulation of mesenchymal markers, such as N-cadherin, vimentin, and fibronectin. 10, 11 Loss of E-cadherin results from mutations, DNA methylation, or silencing of E-cadherin promoter regions during transcription. 12, 13 A predominant repressor of E-cadherin gene transcription and an inducer of N-cadherin expression during EMT is Twist1, 14e16 which belongs to the group of EMT transcription factors (Slug, Snail, Zeb1, and Zeb2). 17 In addition to suppressing E-cadherin gene transcription through binding of the E-box domain of the E-cadherin promoter, 14 Twist1 also enhances migration and invasion of cancer cells through other molecular mechanisms, including induction of Rac1, matrix metalloproteinase-1, and invadopodia. 14,18e24 Recently, increasing evidence has linked EMT to stem cell properties, indicating that the key molecules inducing EMT may also promote a stem or progenitor cellelike phenotype with capabilities of self-renewal and increased tumorigenicity.
25e27 PC stem-like cells express proteins such as Oct4, Sox2, Nanog, Nestin, CD133, CD44, 28, 29 and BMI1, 30 of which BMI1 is a member of the polycombrepressive complex and a crucial suppressor of prosenescence mediated by p16 INK4a , p14 ARF , and p15 INK4b . 31e33 Twist1 has been recently shown to induce BMI1 expression through a direct binding to the BMI1 promoter, 34 thus linking stem-like properties of cancer cells to EMT. 25,34e36 Stat5a/b is critical for PC cell viability 37e42 and induces progression of PC to castrate-resistant (CR) disease. 38,43e49 Two isoforms of Stat5, Stat5a and Stat5b, function both as cytoplasmic signaling proteins and nuclear transcription factors. 50, 51 Stat5a/b is activated by phosphorylation of a conserved C-terminal residue by an upstream kinase, most commonly Jak2, 52e54 which leads to Stat5a/b dimerization, nuclear translocation, DNA binding, and regulation of gene transcription. 55, 56 Known key factors activating Stat5a/b in PC include prolactin (Prl), 40, 45, 57 growth hormone, 58 erythropoietin, 59 and epidermal growth factor. 60 In clinical PC, the expression of active Stat5a/b is elevated in >60% of PC metastases. 40,44e46 The Stat5a/b gene locus undergoes amplification in approximately 30% of CR distant PC metastases, 46 and active Stat5a/b expression in the primary tumor predicts early PC recurrence and early PC-specific death. 43, 47 These findings led us to hypothesize that the active Jak2-Stat5a/b pathway induces EMT of PC cells and promotes metastatic potential of PC.
Here, we demonstrate that active Stat5a/b promotes EMT in PC, as indicated by Stat5a/b-induced down-regulation of E-cadherin with simultaneous up-regulation of Twist1, N-cadherin, vimentin, and fibronectin in PC cell lines, xenograft tumors, and patient-derived clinical PCs. Active Jak2-Stat5a/b signaling promoted migration and adhesion of PC cells to fibronectin, induced phenotypic changes characteristic of EMT, and promoted metastases formation of PC cells in vivo. Further mechanistic studies demonstrated that Twist1 is a mediator of Jak2-Stat5a/b induction of EMT in PC cells. Active Jak2-Stat5a/b signaling induced sphere formation of PC cells and expression of stem-like cancer cell markers through upregulation of Twist1, simultaneously with induction of EMT markers. Collectively, this work introduces the novel concept of active Jak2-Stat5a/b signaling promoting metastatic dissemination of PC through induction of EMT and stem-like properties of PC cells.
Materials and Methods

Cell Culture and Reagents
Human PC cell lines CWR22Rv1 and DU145 (ATCC, Manassas, VA) and CWR22Pc were cultured in RPMI 1640 medium (Mediatech, Flemington, NJ) containing 10% fetal bovine serum (FBS; Gemini, West Sacramento, CA), 50 IU/ mL penicillin/50 mg/mL streptomycin (Mediatech), and 50 mg/ mL L-glutamine (Mediatech). CWR22Pc cells were cultured in the presence of 0.8 nmol/L dihydrotestosterone (DHT; SigmaAldrich, St. Louis, MO). Cells were maintained in a 37 C humidified incubator with a mixture of 95% air and 5% CO 2 . All cell lines included in this study have been authenticated on a regular basis in the users' laboratory by observation of characteristic cell morphology, DNA fingerprinting, androgen responsiveness, and expression of cell lineespecific markers, such as Stat5a/b, androgen receptor (AR), and prostate-specific antigen.
Adenoviral Generation and Gene Delivery
Gene delivery and expression of PrlR, wild-type (WT) Stat5a, or LacZ [negative control (Ctrl)] were conducted using adenovirus as an expression vector. pcDNA-CMV-PrlR and pcDNA-CMV-WTStat5a were cloned into an adenoviral vector using BD Adeno-XTM Expression System 2 (BD Biosciences, Palo Alto, CA), as previously described, 38, 41, 44, 45, 61 and according to the manufacturer's protocol. Viral stocks of adPrlR, adWTStat5a, and adLacZ were expanded in large-scale cultures, purified by double cesium chloride gradient centrifugation, and titered side-by-side using standard plaque assay in QBI-293A cells. 62 
Lentiviral Gene Delivery
PC cells were infected with lentivirus expressing Ctrl-shRNA, Stat5a-shRNA, Stat5b-shRNA, AR-shRNA, Twist1-shRNA, BMI1-shRNA, shRNA-resistant BMI1 (Open Biosystems, Dharmacon, GE Healthcare, Lafayette, CO), or shRNAresistant Twist1 19, 63 (200 to 250 mL of indicated lentiviral shRNA supernatant) to induce >80% protein knockdown or overexpression.
Prl Treatment
CWR22Pc and CWR22Rv1 cells were serum starved (16 hours) 
Boyden Chamber Migration Assay
PC cells were suspended to the upper chambers (2.5 Â 10 4 cells per chamber) of the motility chamber system (8.0-mm pore size; BD Biosciences) using 100 mmol/L fibronectin (BD Biosciences) as the chemoattractant (0% FBS RPMI 1640 as Ctrl), and traversed cells (16 hours) were fixed, stained (Diff-Quick Staining Set; Siemens, Munich, Germany), and counted in four separate fields from three parallel samples, as described previously. 44, 65 Fibronectin Cell Adhesion Assay PC cells were plated (5 Â 10 4 cells per well) on 96-well plates (Linbro/Titertek; MP Biomedicals, Solon, OH) coated with 7 mg/mL fibronectin (BD Biosciences) or 1 mg/mL of poly-Llysine (Ctrl; Sigma-Aldrich), incubated for 1 hour, fixed with 4% paraformaldehyde, and stained with crystal violet. This was followed by quantification of cell adhesion by a fluorescence plate reader (595 nm; POLARstar OPTIMA; BMG Labtech, Ortenberg, Germany) from three parallel wells.
Stem Cell Sphere Formation Assay
PC cells were grown on low-attachment plates (Costar; SigmaAldrich), with stem cell medium (Dulbecco's modified Eagle's medium/F12; Life Technologies, Carlsbad, CA) prepared 66e68 for 7 days and analyzed for total sphere number and diameter by ImageJ software (NIH, Bethesda, MD; http://imagej.nih. gov/ij).
Ex Vivo Organ Explant Cultures of Clinical PCs
PC specimens were obtained from patients (Table 1) 3 pieces in a plain culture medium and transferred onto lens papers lying on stainless steel grids in petri dishes. The culture medium used was medium 199 with Earle's salts (Sigma-Aldrich) containing 10% FBS (Quality Biological, Gaithersburg, MD), 100 IU/mL penicillin/100 mg/ mL streptomycin (Mediatech), and 100 mg/mL L-glutamine (Mediatech). The basal medium also contained 0.08 IU/mL insulin (Novo Nordisk, Princeton, NJ), 100 nmol/L dexamethasone (Sigma-Aldrich), and 100 nmol/L DHT (SigmaAldrich). Gas atmosphere was a mixture of oxygen, carbon dioxide, and nitrogen (40:5:55) , and temperature was maintained at 37 C. Twenty to thirty individual explants were cultured in a medium containing AZD1480 or vehicle at indicated concentrations for 7 days, and the medium was changed every other day.
PC Xenograft Tumor Studies
CWR22Rv1 and LNCaP cells (1.0 Â 10 7 ) in 0.2 mL Matrigel (BD Biosciences) expressing adLacZ or adWTStat5a (MOI, 5) were inoculated s.c. into male athymic nude mice (Taconic, Germantown, NY) and sacrificed at 3 weeks.
For studies using the CWR22Pc tumor model, 74 castrated male athymic nude mice (Taconic) were implanted with sustained-release DHT pellets (60-day release, one pellet per mouse; Innovative Research of America, Sarasota, FL) 3 days before PC cell inoculation. CWR22Pc cells (1.5 Â 10 7 ) in 0.2 mL Matrigel (BD Biosciences) were inoculated s.c. into the flanks of nude mice (one tumor per mouse). AZD1480 was dissolved in 0.1% Tween 80 (SigmaAldrich)/0.5% methyl cellulose (K4M prep; Dow Chemical, Midland, MI). Experiments were conducted during two treatment windows: primary PC growth and castrateresistant PC growth (CRPC). In the first treatment window (primary PC growth), mice were randomly distributed into two groups (10 mice per group) with similar, average tumor Gleason score 4
The median age at radical prostatectomy was 62 (range, 52 to 67) years. n Z 5.
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In the second treatment window (CRPC growth), DHT pellets were removed when the tumor volume reached approximately 400 mm 3 . Three days after the DHT pellet removal (on day 32), mice were randomly distributed into two groups. After DHT removal (starting at day 23), mice were treated daily with AZD1480 at 30 mg/kg or vehicle by oral gavage. Mice were sacrificed when tumor sizes reached 15 mm in diameter in the vehicle-treated group. Tumor growth rates were calculated from the beginning of the drug treatment. All mice were cared for according to the institutional guidelines of Thomas Jefferson University.
In Vivo Metastases Assay DU145 cells expressing adPrlR (MOI, 5) were injected into the lateral tail veins (1 Â 10 6 in 0.2 mL 1Â phosphatebuffered saline) of WT nonobese diabeticdsevere combined immunodeficiencyeIL-2 receptor g (WT.NSG) male mice (The Jackson Laboratory, Bar Harbor, ME) and human Prl-expressing NSG (hPrl.NSG) male mice (provided by Dr. Hallgeir Rui, Thomas Jefferson University). Mice were sacrificed 8 weeks after inoculation of cells, and lungs were harvested, perfused with 1.5 mL of 15% India ink dye in 3.7% formalin, and bleached in Fekete's solution (70% ethanol, 3.7% formaldehyde, and 0.75 mol/L glacial acetic acid). Lung surfaces were imaged, and the number of surface lung metastases was scored and quantified using ImageJ software. Paraffin-embedded lung tissue sections were immunostained for anti-Stat5a/b, anti-BMI1, or antiTwist1 antibodies after antigen retrieval using 10 mmol/L sodium citrate buffer. Detailed antibody information is provided in Table 2 .
Protein Solubilization, Immunoprecipitation, Immunoblotting, and Biotinylation CWR22Rv1, CWR22Pc, and DU145 cell pellets were solubilized in lysis buffer with 10 mmol/L Tris-HCl (pH 7.6), 5 mmol/L EDTA, 50 mmol/L NaCl, 30 mmol/L sodium pyrophosphate, 50 mmol/L sodium fluoride, 1 mmol/L sodium orthovanadate, 1% Triton X-100, 1 mmol/L phenylmethylsulfonyl fluoride, 5 mg/mL aprotinin, 1 mg/mL pepstatin A, and 2 mg/mL leupeptin. 39, 41, 44, 75 Protein concentrations of clarified cell lysates were determined by simplified Bradford method (BioRad, Hercules, CA). Stat5a, Stat5b, and E-cadherin were immunoprecipitated from whole cell lysates with 4 mL/mL anti-Stat5a or anti-Stat5b (Millipore, Billerica, MA) polyclonal antibodies or 4 mL/mL antieE-cadherin (BD Biosciences) monoclonal antibody. Antibodies were captured by incubation for 60 minutes with protein AeSepharose beads (Amersham Pharmacia Biotech, Piscataway, NJ). Primary antibodies used for immunoblotting are listed in Table 2 . The immunoreaction was detected by horseradish peroxidasee conjugated goat anti-mouse or goat anti-rabbit secondary antibodies (1:2000; BD Biosciences). Immunoreactivity was detected using enhanced chemiluminescence (GE Healthcare). For cell surface E-cadherin expression, cells were grown to semiconfluence, and biotinylated with 1 mg/mL sulfo-NHS-LC-biotin (Thermo Scientific, Rockford, IL) in phosphate-buffered saline for 30 minutes on ice, as described previously. 76 Cells were resuspended in lysis buffer and centrifuged at 15,000 Â g for 20 minutes, and E-cadherin was immunoprecipitated, followed by capture of the antibodies by protein AeSepharose beads and electrophoresis. Biotinylated proteins were visualized using Vectastain (Elite ABC reagent; Vector Labs, Burlingame, CA) and enhanced chemiluminescence detection reagents.
Quantitative Real-Time PCR
Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA) and reverse transcribed with SuperScript II Reverse Transcriptase (Life Technologies). The resulting cDNAs were used for PCR using SYBR-Green Master PCR Mix (Life Technologies), and real-time quantitative PCR data collection was performed on an iCycler (BioRad). The relative expression for each target gene is expressed as 2 À(C T eC C ) , where C T and C C are the mean threshold cycle differences after normalizing to C for 10 minutes, followed by 40 cycles of denaturation (95 C for 20 seconds), and annealing (60 C for 1 minute). All primers are listed in Table 3 .
Immunostaining of Paraffin-Embedded Tissue Sections and Cell Pellets
Immunohistochemical staining of xenograft tumors and clinical human PCs grown as ex vivo organ cultures was performed as described previously, 39, 43, 45, 47, 65 and primary antibodies used are listed in Table 2 . Sections of CWR22Pc and CWR22Rv1 cell pellets, fixed with 10% formalin and paraffin embedded, were immunostained for Twist1 and BMI1 by immunofluorescence cytochemistry. Antigen retrieval was performed using Dako PT-module (Dako, Carpinteria, CA) with citric acid buffer (pH 6.0) or EDTA (pH 8.0) for anti-Twist1 or anti-BMI1, respectively, followed by primary antibody incubation, horseradish peroxidaseeconjugated anti-mouse IgG (Dako) secondary antibody (30 minutes), biotin tyramide (1:50; Perkin Elmer, Waltham, MA) (10 minutes), and Alexa Fluor 647 streptavidin conjugate (Life Technologies) (30 minutes). Immunofluorescence was detected by an Aperio FL slide scanner (Leica Biosystems, Buffalo Grove, IL).
Scoring of Immunodetection in Paraffin-Embedded Tissue Sections
Expression of nuclear active Stat5a/b and Stat3 is expressed as a percentage of positively stained cells, as previously described. 38, 71, 72 Briefly, nuclear Stat5a/b and Stat3 protein levels were scored in a blind manner (E.M.E. and M.A.G.), and the protein levels are presented as average immunohistochemical scores from three separate views per tissue sample on a scale of 0 to 4, where 0 indicates no expression and 4 indicates intense expression. E-cadherin, Twist1, and BMI1 expression was evaluated using the H-score method. 77 The H-score is an assessment of both the intensity of staining and the percentage of stained cells. Briefly, the intensity of the immunostaining was scored as follows: negative (0), weak (1), moderate (2), or strong (3). Next, the percentage of cells that labeled with the specific level of intensity was calculated. The intensity score was multiplied by the percentage of cells, and the sum of these values for each level of intensity was presented as a histology score, or H-score, ranging from 0 to 300: H-Score Z Intensity of Immunostaining (Range, 0 to 3) Â Percentage of Cells that Were Reactive.
Statistical Analysis
Statistical analysis for all in vitro experiments was performed using GraphPad Prism version 6.0 (GraphPad Software, La Jolla, CA), and statistical analysis of immunostained tissues was performed using SAS version 9.4 (SAS Institute, Cary, NC). For cell migration and adhesion experiments, a two-way analysis of variance was used to calculate the statistical significance between the groups, whereas cell scattering assays were analyzed by unpaired ttest. A linear mixed-effects model with empirical SEMs was used to determine whether levels of nuclear Stat5a/b, cell surface E-cadherin groups, or nuclear Twist1 in the treatment groups differed from Ctrl. A random intercept term was included to account for correlation among samples from the same subject. For evaluation of the ex vivo organ explant cultures of the clinical PCs, a linear mixed-effects model with empirical SEMs was used to compare treatments. A random intercept accounted for correlation among treated cultures from the same patient. P values for pairwise comparisons were adjusted using the Bonferroni method. A similar model was used for evaluation of E-cadherin and Twist1 in clinical PCs with the addition of a second random intercept term to account for correlation among the multiple views of each patient-treatment combination. For evaluation of the number of lung metastases, statistical significance was calculated using an exact Wilcoxon ranksum test. For evaluation of the levels of Stat5a/b, Twist1, and Bmi1 in the lung metastases, a linear mixed-effects model with empirical SEMs was used to compare groups at each time. Fixed effects included group, time, and group-by-time interaction. A random intercept term accounted for correlation among repeated measurements of the same sample. 
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Results
Jak2-Stat5a/b Signaling Induces Expression of EMT Markers in PC Cells in Vitro
To investigate if active Jak2-Stat5a/b signaling regulates markers associated with EMT in PC, Stat5a/b signaling was activated in CWR22Pc, CWR22Rv1, and DU145 cells by treatment of the cells for 72 hours with human Prl, one of the known main activators of Stat5a/b signaling. 40, 45, 57, 72, 78, 79 Active Stat5a/b decreased both cell surface and total E-cadherin protein expression ( Figure 1A ) and mRNA levels ( Figure 1B ). At the same time, active Stat5a/b upregulated mesenchymal markers N-cadherin, vimentin, and fibronectin at both mRNA and protein levels in all three cell lines ( Figure 1, A and B) . More important, active Stat5a/b associated with a marked increase in both protein and mRNA expression of Twist1 ( Figure 1, A and B) , a repressor of E-cadherin gene transcription and a known regulator of EMT. 14 Levels of Snail and Slug mRNA were only marginally increased by Jak2-Stat5a/b signaling, which led us to focus further studies on Twist1 ( Figure 1B) . These results suggest that active Jak2-Stat5a/b signaling promotes expression of markers characteristic to EMT in PC cells.
To verify that Jak2 and Stat5a/b are critical for Prl induction of EMT in PC cells, we used pharmacological and genetic tools to disrupt Jak2 and Stat5a/b signaling. The Jak2 kinase inhibitor, AZD1480, 64 previously shown to inhibit Stat5a/b signaling in PC cells, 38 suppressed Prl regulation of Jak2 phosphorylation (Supplemental Figure S1A ) and E-cadherin, N-cadherin, vimentin, and Twist1 ( Figure 1C 5) and inoculated s.c. into the flanks of nude mice after 24 hours. After 3 weeks, cell surface E-cadherin and nuclear Stat5a/b levels were analyzed by immunohistochemistry (IHC) in paraffin-embedded tissue sections. B: AZD1480 increased expression of E-cadherin (E-Cad) (P < 0.001) while decreasing Twist1 levels (P < 0.001) in both primary and castrate-resistant (CR) CWR22Pc tumors. C: Active nuclear Stat5a/b, cell surface E-cadherin, and nuclear Twist1 were analyzed by IHC in CWR22Pc tumors treated with AZD1480 at 30 mg/ kg for 21 days, starting on day 12 (primary PC growth). On day 32, at the onset of androgen deprivation, 30 mg/kg AZD1480 treatment continued for 95 days. Statistical significance was calculated using a linear mixed-effects model with empirical SEMs. *P < 0.05, ***P < 0.001. DHT, dihydrotestosterone.
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The American Journal of Pathology -ajp.amjpathol.orgas expected. More important, compared with Ctrl, increased Stat5a/b signaling (P < 0.001) coincided with a loss of cell surface E-cadherin expression in both CWR22Rv1 (P < 0.05) (Figure 2A ) and LNCaP (P < 0.001) (Supplemental Figure S2) tumors. Conversely, to test if inhibition of Stat5a/b activity suppresses EMT marker expression in vivo, we used the CWR22Pc cell line/tumor model, 74 which mimics the clinical course of PC in patients when grown as xenograft tumors in nude mice. 38, 74 Specifically, CWR22Pc cells form androgen-dependent primary PC tumors in the presence of circulating androgens, which regress on androgen deprivation and eventually recur as CRPC. 74 CWR22Pc cells were inoculated s.c. into castrated nude mice supplied with androgen pellets to normalize circulating androgen levels, which were removed on day 32. This led to tumor regression, followed by tumor recurrence, marking the onset of CRPC. To test if Stat5a/b inhibition affects EMT marker expression during both primary growth in the presence of androgens (days 12 to 32) and CRPC growth (days 55 to 95) ( Figure 2B ), mice were treated with 30 mg/kg AZD1480 or vehicle during those time periods. During both primary and CR recurrent growth of CWR22Pc tumors, inhibition of Stat5a/b by AZD1480 up-regulated E-cadherin expression (P < 0.001), whereas levels of Twist1 protein were down-regulated (P < 0.001) ( Figure 2C ).
To investigate if Stat5a/b signaling induces EMT in clinical PCs, we exploited the organ explant culture system of patient-derived PCs ex vivo, which we have previously described. 38,45,57,69e73 All tissue components of PC, including epithelium and stroma, are retained in this culture (Table 1) were cultured ex vivo in explant organ cultures for 7 days in the presence of AZD1480 versus vehicle. AZD1480 decreases nuclear Stat5a/b immunostaining (A) in a dose-dependent manner, whereas it increases cell surface E-cadherin (E-Cad) expression (B) and decreases Twist1 expression (C) in clinical PCs. Statistical significance was calculated using a linear mixed-effects model with empirical SEMs. *P < 0.05, ***P < 0.001. ajp.amjpathol.org -The American Journal of Pathology system, thus offering a more physiological model of PC growth than PC cell lines. To determine responsiveness of clinical PCs to pharmacological inhibition of Stat5a/b, PC explants from five patients (Table 1) were cultured for 7 days in the presence of AZD1480 or vehicle at the indicated concentrations ( Figure 3 ). As expected, AZD1480 suppressed Stat5a/b activation in all five clinical PCs, as shown by a decrease in active nuclear Stat5a/b by immunohistochemistry (P < 0.001) ( Figure 3A ), but not Stat3 (Supplemental Figure S3) . At the same time, AZD1480 increased E-cadherin levels in all five PCs (P < 0.001) ( Figure 3B ) in a dose-dependent manner, whereas Twist1 levels were simultaneously decreased (P < 0.001) ( Figure 3C ). In summary, these data suggest that active Stat5a/b signaling promotes expression of EMT markers in PC xenograft tumors in nude mice and in clinical patientderived PCs ex vivo.
Jak2-Stat5a/b Signaling Disrupts Epithelial Cell Monolayer of PC Cells and Induces Migration and Adhesion of PC Cells to Fibronectin
Having established that Jak2-Stat5a/b signaling induces molecular changes associated with EMT in PC in vitro and in vivo, we evaluated if Jak2-Stat5a/b signaling promotes functional end points associated with EMT in PC cells. By using a Boyden chamber assay, we tested if active Stat5a/b induces migration and adhesion of PC cells to fibronectin, Figure 4 Jak2-Stat5a/b signaling promotes functional characteristics of epithelial-to-mesenchymal transition in prostate cancer (PC) cells. AeC: Active Jak2-Stat5a/b signaling induces migration of PC cells to fibronectin. CWR22Pc, CWR22Rv1, and DU145 cells were serum starved for 16 hours, treated with 10 nmol/L prolactin (Prl) for 72 hours (A), or pretreated with AZD1480 at indicated concentrations for 1 hour (B) before treatment of the cells with 10 nmol/L Prl for 72 hours and resuspension into Boyden chambers using 100 mmol/L fibronectin as the chemoattractant versus control (Ctrl; 0% fetal bovine serum medium). Traversed cells were counted after 16 hours. C: CWR22Pc, CWR22Rv1, and DU145 cells were transduced with lentiviral shRNA targeting control (shCtrl) or Stat5a/b (shStat5a/b) for 48 hours, serum starved, and treated with 10 nmol/L Prl before resuspension into motility chambers. DeF: Active Jak2-Stat5a/b signaling induces adhesion of PC cells to fibronectin. D: CWR22Pc, CWR22Rv1, and DU145 cells, treated as described in A, were analyzed for adherence to 7 mg/mL fibronectin or 1 mg/mL poly-Llysine. E: Serum-starved CWR22Pc, CWR22Rv1, and DU145 cells were treated with AZD1480 at indicated concentrations 1 hour before 10 nmol/L Prl treatment for 48 hours before analysis for adherence to fibronectin. F: CWR22Pc, CWR22Rv1, and DU145 cells were first infected with shStat5a/b or shCtrl and treated with 10 nmol/L Prl for 48 hours in serum-starved conditions before PC cell adhesion analysis. GeI: Activation of Jak2-Stat5a/b pathway disrupts PC epithelial cell monolayers. The graphs show the numbers of scattered cell clusters. CWR22Pc, CWR22Rv1, and DU145 cells were treated as described in A and resuspended on Matrigel for 48 hours (G), with or without pretreatment with 500 nmol/L AZD1480 (H). I: CWR22Pc, CWR22Rv1, and DU145 cells were transduced with lentiviral shCtrl or shStat5a/b for 24 hours before resuspension on Matrigel in the presence or absence of 10 nmol/L Prl for 48 hours. Statistical significance was calculated by two-way analysis of variance (AeF) and unpaired t-test (GeI). *P < 0.05, **P < 0.01, and ***P < 0.001.
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4e7 Prl-activated Jak2-Stat5a/b increased migration of CWR22Pc, CWR22Rv1, and DU145 cells to fibronectin versus Ctrl by 2.9-fold (P < 0.001), 3.0-fold (P < 0.001), and 1.8-fold (P < 0.05), respectively ( Figure 4A ), which was suppressed by AZD1480 (P < 0.05) (Figure 4B ), indicating a critical role for Jak2 in Prl-induced PC cell motility. To examine if Stat5a/b also is required for Prl-Jak2einduced PC cell migration, we knocked down Stat5a/b by shStat5a/b, which led to suppression of PC cell migration (P < 0.05) ( Figure 4C ). Because fibronectin is known to provide a habitat for adhesion and docking of circulating cancer cells in premetastatic niches, 4, 8 we next tested if active Stat5a/b signaling promotes adhesion of PC cells to fibronectin versus Ctrl. Active Jak2-Stat5a/b signaling led to 2.3-fold (P < 0.001), 2.7-fold (P < 0.001), and 1.5-fold (P < 0.01) increases in binding of CWR22Pc, CWR22Rv1, and DU145 cells, respectively, to fibronectin ( Figure 4D ), which was suppressed by AZD1480 (P < 0.01) ( Figure 4E ) or shStat5a/b (P < 0.01) ( Figure 4F ).
To investigate if active Jak2-Stat5a/b signaling affects homotypic adhesion of PC cells, CWR22Pc, CWR22Rv1, and DU145 cells were grown on Matrigel (BD Biosciences). Active Jak2-Stat5a/b disrupted growth of PC cells as monolayers and promoted ability of PC cells to detach and survive in Matrigel as scattered cell clusters (P < 0.001) ( Figure 4G ). AZD1480 (P < 0.05) ( Figure 4H ) or shStat5a/b (P < 0.01) ( Figure 4I ) both suppressed PC cell scattering and restored the epithelial cell monolayer (Supplemental Figures S4 and S5) . Efficient Stat5a/b knockdown by lentiviral Stat5a/b shRNA was observed in all three cell lines at 72 hours (Supplemental Figure S6 ). In conclusion, Jak2-Stat5a/b signaling not only increased expression of markers associated with EMT in PC cells, but also disrupted PC cell epithelial monolayer and promoted migration and adhesion of PC cells to fibronectin, functional changes consistent with induction of EMT.
Twist1 Is a Mediator of Stat5a/b Induction of EMT-Associated Changes in PC
Because expression of Twist1 was markedly increased by active Jak2-Stat5a/b signaling in PC cells, in vitro and in vivo, we investigated the involvement of Twist1 in Stat5a/b induction of EMT in PC. Knockdown of Twist1 by shRNA (shTwist1) resulted in down-regulation of N-cadherin and vimentin in exponentially growing PC cells ( Figure 5A ). Next, we suppressed Twist1 by shTwist1 during Prl treatment of PC cells, which blocked Prl-Jak2-Stat5a/b induction of EMT marker expression (increased N-cadherin, increased vimentin, and decreased E-cadherin) ( Figure 5B) . Expression of all EMT markers was rescued by lentiviral expression of ectopic shRNA-resistant Twist1 ( Figure 5C ). Furthermore, Twist1 knockdown by shTwist1 suppressed migration (P < 0.05) ( Figure 5D ) and adhesion (P < 0.05) of PC cells to fibronectin ( Figure 5E ) induced by active Jak2-Stat5a/b signaling in CWR22Pc, CWR22Rv1, and DU145 cells, and prevented dispersion of PC cells while restoring the growth of the cells as monolayers (P < 0.001) ( Figure 5F ). Collectively, these results indicate that Twist1 is required for Jak2-Stat5a/b induction of EMT in PC cells.
Jak2-Stat5a/b Signaling Promotes Cancer Stem-Like Properties in PC Cells
Stat5a/b induced anchorage-independent survival of small PC cell clusters when grown on Matrigel, an observation that raised the question that Jak2-Stat5a/b signaling may induce cancer stem-like properties in PC cells. To test this, CWR22Pc and CWR22Rv1 cells were grown on lowadherence plates in stem cell culture medium and treated with Prl. Prl activation of Stat5a/b signaling led to an increase in mRNA levels of cancer stem-like cell markers (BMI1, CD44, and Sox2) in 7 days. Unexpectedly, the increase in the expression of cancer stem-like cell markers induced by Prl was associated with simultaneous induction of EMT markers (decreased E-cadherin, increased N-cadherin, and increased Twist1) (Figure 6A ). At the same time, PC cells formed large spheres when cultured in stem cell culture conditions in the presence of Prl ( Figure 6B ). Prl promotion of PC cell sphere formation was suppressed by lentiviral delivery of shStat5a/b, indicating that Stat5a/b is critical for Prl-induced stem-like properties in PC cells ( Figure 6C ).
Having established that BMI1 mRNA expression was increased by Stat5a/b in PC cells and, at the same time, Figure 5 Twist1 is a mediator of Stat5a/b induction of epithelial-to-mesenchymal transition (EMT) in prostate cancer (PC) cells. AeC: Genetic knockdown of Twist1 suppresses active Stat5a/b-induced EMT marker expression, which is restored by re-introduction of shRNA-resistant Twist1. A: Exponentially growing CWR22Pc, CWR22Rv1, and DU145 cells were transduced with lentiviral shRNA targeting Twist1 (shTwist1) for 48 hours. Total E-cadherin (E-Cad) and biotinylated cell surface E-cadherin were immunoprecipitated (IP) with E-cadherin monoclonal antibodies and immunoblotted for E-cadherin or streptavidin, respectively. Stat5a/b was immunoprecipitated and immunoblotted with anti-Stat5a/b in DU145 cells. Whole cell extracts were analyzed for N-cadherin (N-Cad), vimentin, and Twist1 expression, with actin as the loading control. B: CWR22Pc, CWR22Rv1, and DU145 cells were transduced with lentiviral shRNA targeting control (shCtrl) or shTwist1 for 48 hours, followed by treatment with 10 nmol/L prolactin (Prl) for 72 hours in serum-starved conditions. C: shRNA-resistant Twist1 was introduced using lentivirus into CWR22Pc and CWR22Rv1 cells 48 hours after the initiation of genetic Twist1 knockdown by (shTwist1) lentivirus. PC cells were serum starved for 16 hours after introduction of shRNA-resistant Twist1 and treated with 10 nmol/L Prl for 48 hours. DeF: shTwist1 suppresses adhesion and migration of PC cells to fibronectin and restores epithelial cell monolayers disrupted by active Jak2-Stat5a/b signaling. CWR22Pc, CWR22Rv1, and DU145 cells were treated as described in B, and an equal number of cells was resuspended into motility chambers (D) or fibronectin-coated plates (E). The graphs depict the number of cells able to cross the membrane after 16 hours (D) or adherence of PC cells to fibronectin after 1 hour (E). F: The number of scattered cell clusters of CWR22Pc, CWR22Rv1, and DU145 cells was treated as in B and resuspended on Matrigel for 48 hours in the presence or absence of 10 nmol/L Prl. Statistical significance was calculated by two-way analysis of variance (D and E) and unpaired t-test (GeI). *P < 0.05, **P < 0.01, and ***P < 0.001. BMI1 is known to maintain self-renewal potential of PC, 30e33 we investigated the possibility that BMI1 mediates Jak2-Stat5a/b induction of stem-like properties in PC cells. As shown by immunoblotting and immunofluorescence cytochemistry, PC cell spheres induced by Jak2-Stat5a/b signaling displayed elevated levels of both BMI1 (P < 0.001) and Twist1 (P < 0.01) protein expression ( Figure 6D ). levels of epithelial-to-mesenchymal transition (EMT) and stem-like markers in PC cells. CWR22Pc and CWR22Rv1 cells were serum starved for 16 hours and treated with 10 nmol/L prolactin (Prl) for 48 hours, followed by replating and growth on low-attachment plates in stem cell medium for 7 days. Relative expression of mRNAs for markers of EMT [E-cadherin (E-Cad), N-cadherin (N-Cad), and Twist1] and stem-like cells (BMI1, CD44, and Sox2) was determined by real-time quantitative PCR and normalized to glyceraldehyde-3-phosphate dehydrogenase mRNA. B: Active Jak2-Stat5a/b promotes sphere formation of PC cells grown in stem cell culture conditions described in A. Total number and diameter of the spheres were quantified using automated software (ImageJ). Representative images are shown. C: Genetic knockdown of Stat5a/b inhibits the formation of PC spheres induced by 10 nmol/L Prl. CWR22Pc and CWR22Rv1 cells were transduced with lentiviral shRNA targeting control (shCtrl) or Stat5a/b (shStat5a/b) for 48 hours, after which Prl-induced Stat5a/b activation and shRNA knockdown were verified by immunoblotting, followed by replating and growth in stem cell culture conditions in the presence or absence of Prl for 4 days. D: Active Stat5a/b induces a concurrent increase in Twist1 and BMI1 levels in PC stem cell spheres. Whole cell lysates from PC cells described in A were immunoblotted for pYStat5a/b, BMI1, and Twist1, and equal protein loading was confirmed by actin expression. Formalin-fixed, paraffin-embedded CWR22Pc and CW22Rv1 cell pellets were immunostained for DAPI, BMI1, and Twist1 by immunofluorescence cytochemistry. Statistical significance was calculated by unpaired t-test. **P < 0.01, ***P < 0.001. ajp.amjpathol.org -The American Journal of Pathology
To mechanistically evaluate if BMI1 is involved in mediation of active Jak2-Stat5a/b induction of stem-like properties in PC cells, we genetically knocked down BMI1 (shRNA targeting BMI1) during Prl treatment of CWR22Pc and CWR22Rv1 cells cultured in stem cell culture conditions using lentivirus. shRNA targeting BMI1 suppressed the number and size of PC cell spheres induced by active Jak2-Stat5a/b signaling in stem cell culture conditions ( Figure 7A ), suggesting that BMI1 is critical for Jak2-Stat5a/b induction of the stem-like PC cell phenotype. Finally, given that BMI1 has been shown to be regulated by Twist1 in cancer cells 34 and that Jak2-Stat5a/b signaling Figure 7C ). In summary, these data suggest that active Jak2-Stat5a/b signaling promotes stem-like cell properties in PC cells through regulation of both Twist1 and BMI1.
Prl-Induced Jak2-Stat5a/b Signaling Promotes Metastases Formation in Vivo
Having established the significance of Prl-induced activation of Stat5a/b in the induction of EMT and cancer stem-like properties, we evaluated if activation of the Prl-Jak2-Stat5a/b signaling cascade promotes metastatic colonization of PC cells in vivo. Mouse prolactin is a poor agonist and a partial antagonist of human PrlR and, therefore, mouse Prl fails to activate PrlR-Jak2-Stat5a/b signaling in human cancer cells when grown in mice. 80 To overcome this limitation, we used a genetically engineered mouse model (hPrl.NSG) in which hPrl has been knocked into the mouse Prl gene locus, followed by backcrossing for 10 generations into the NSGimmunodeficient mouse strain. This model provides a unique system to evaluate the impact of Prl-activated Jak2-Stat5a/b signaling in the metastatic colonization of human PC cells grown in mice in vivo. Inoculation of PrlRexpressing DU145 cells into the tail vein of male hPrl.NSG or WT.NSG mice (Ctrl) resulted in a 69% increase in metastasis formation at 8 weeks in hPrl.NSG mice compared with Ctrl mice ( Figure 8A ). Furthermore, comparison of lung tissues derived from WT.NSG mice versus hPrl.NSG mice showed that lungs from hPrl.NSG mice at 8 weeks after inoculation expressed elevated Stat5a/b activation ( Figure 8B ) (P < 0.001), which corresponded with robust expression of Twist1 (P < 0.001) and BMI1 (P < 0.01) ( Figure 8C ). These results support the notion that Prl-Jak2- and Twist1 and BMI1 (C) was conducted using biotin-streptavidineamplified peroxidase antiperoxidase immunodetection. Statistical significance was calculated using an exact Wilcoxon rank-sum test in A and using a linear mixedeffects model with empirical SEMs. *P < 0.05, **P < 0.01, and ***P < 0.001. ajp.amjpathol.org -The American Journal of Pathology Stat5a/b signaling promotes metastatic colonization of PC cells in vivo and is associated with Stat5a/b activation.
Discussion
The emergence of systemic disease is the major cause of PC-related deaths and, therefore, determination of molecular mechanisms underlying metastatic dissemination of PC is crucial for identification of new targets for therapy development for PC. In the present work, we demonstrate that Jak2-Stat5a/b signaling induced both molecular markers and functional end points of EMT in PC in vitro and metastatic colonization of PC cells in vivo in mice. Mechanistically, our data indicate that Twist1 is a critical mediator of Jak2- The role of AR regulation of EMT in PC cells remains inconclusive. AR signaling has been linked with induction of EMT in PC cells 81 and, at the same time, with suppression of EMT in PC. 82e84 Our data show active Stat5a/binduced EMT in DU145 cells, which do not express AR, suggesting that there are distinct AR-independent mechanisms of Stat5a/b promotion of EMT. Moreover, our data in AR-positive cell lines suggested that AR regulation of EMT markers was in opposition to the effects of active Stat5a/b, which further supports the concept of Stat5a/b regulation of EMT independently of AR in PC cells. We have previously demonstrated that the Stat5a/b gene locus undergoes amplification in approximately 30% of distant CRPC metastases, 46 and that Stat5a/b is critical for CRPC growth. 38 Collectively, the findings of the present study provide the basis for future studies that will focus on Stat5a/b regulation of emergence of EMT during CR growth of PC during pharmacological or surgical androgen deprivation. Jak2-Stat5a/b signaling up-regulated expression of Twist1 in PC cells, xenograft tumors, and clinical PCs ex vivo. Moreover, genetic knockdown of Twist1 suppressed Stat5a/ b-induced changes in EMT marker expression in PC cells and migration and adhesion of PC cells to fibronectin. Reexpression of shRNA-resistant Twist1 was able to rescue expression of EMT markers in the presence of active Stat5a/b. These findings support the concept that Twist1 is a mediator of Stat5a/b induction of EMT-associated changes in PC. Twist1 is an established repressor of E-cadherin gene transcription during EMT, 14, 15 and it directly induces N-cadherin expression in PC cells. 16 Moreover, Twist1 has been shown to induce RAC1 activity 22 and formation of invadopodia in cancer cells. 24 The regulatory regions of the Twist1 gene contain the g-interferoneactivated sequence, 85 a binding element shared by Stat3 and Stat5a/ b, and Stat3 has been shown to up-regulate Twist1 gene expression in breast cancer cells. 85, 86 To our knowledge, the work presented herein provides the first evidence of active Stat5a/b signaling inducing Twist1 gene expression in PC. Twist1 expression was regulated by Stat5a/b at both mRNA and protein levels in PC cells. Whether active Stat5a/b acts through direct binding of the Twist1 promoter in PC will need to be addressed in future work.
Active Stat5a/b increased sphere formation of PC cells concurrent with induction of markers associated with cancer stem-like properties and EMT in PC cells. Specifically, Prlactivated Stat5a/b increased sphere formation of PC cells when grown in stem cell culture conditions, which was suppressed by genetic knockdown of Stat5a/b, suggesting that Stat5a/b is a key factor promoting phenotypic changes associated with increased self-renewal capability of PC cells. At the same time, Prl-activated Stat5a/b induced EMT marker expression, including Twist1, in PC cell spheres simultaneously with up-regulation of CD44, Sox2, and BMI1. Notably, Stat5a/b activation resulted in a robust increase of not only mRNA but also protein expression of BMI1 in PC cell spheres. Consistent with its role in inhibiting p16
INK4a and p14 ARF transcription by inducing chromatin condensation at the respective gene loci, BMI1 triggers bypass of senescence in cancer cells.
31e34, 87 More important, our results support this concept because genetic knockdown of BMI1 impaired active Stat5a/b-induced sphere formation of PC cells. BMI1, in turn, has been shown to be directly up-regulated by Twist1 through the Twist1-binding site in intron1 of the BMI1 gene. 34 Here, our data indicate that genetic knockdown of Twist1 suppressed Stat5a/b-induced BMI1 expression and sphere formation of PC cells. Lentiviral re-expression of BMI1 in Twist1-depleted PC cells was able to rescue the formation of PC cell spheres in the presence of active Stat5a/b. Collectively, these results suggest that active Stat5a/b-induced expression of Twist1 promotes sphere formation of PC cells through up-regulation of BMI1. Twist1 and BMI1
Stat5 Induces EMT and Stemness in PC
The American Journal of Pathology -ajp.amjpathol.orghave both been shown to bind to E-cadherin promoter to down-regulate E-cadherin gene expression. 34 Future work will need to assess if both Twist1 and BMI1 are required for suppression of E-cadherin in PC. The concept of linkage between EMT and cancer stem-like properties has been demonstrated in various cancer types. 25, 26, 34, 36 Prl has been previously linked with an increase of stem-like cell subpopulation in prostate of a mouse model and in prostate-specific Prl transgenic mice. 88 Our data presented herein suggest, for the first time, that the Jak2-Stat5a/b-Twist1-BMI1 signaling axis may enable both invasive and self-renewal potential in human PC cells, hallmarks of metastatic disease.
Finally, activation of the Jak2-Stat5a/b signaling pathway increased metastatic colonization of PC cells to the lungs of mice in vivo. Use of a unique mouse model that expresses human Prl instead of mouse Prl, thus fully activating PrlR in human cells, enabled us to test the impact of ligand-induced activation of Stat5a/b signaling on the metastatic capacity of PC cells of human origin in an in vivo setting in mice. Colonization of cancer cells in the lungs involves docking of circulating cancer cells within premetastatic niches in the microvasculature. 7e9 Our data demonstrated that active Stat5a/b induces adhesion and migration of PC cells to fibronectin, which is consistent with in vivo findings of Stat5a/b promotion of metastases formation in lungs because premetastatic niches are rich in fibronectin deposits. 4, 6 In conclusion, development of pharmacological inhibitors of Stat5a/b signaling may provide an effective therapeutic strategy to prevent metastatic dissemination of PC. ajp.amjpathol.org -The American Journal of Pathology
